Background: Use of highly active antiretroviral therapy (HAART), a triple-drug combination, in HIV-infected pregnant women markedly reduces mother to child transmission of HIV and decreases maternal morbidity. However, there remains uncertainty about the effects of in utero exposure to HAART on foetal development.
Results: Among HAART-unexposed infants, 27% (60/224) were low birth weight compared with 23% (90/388) of early HAART-exposed (exposed <28 weeks gestation) and 19% (76/407) of late HAART-exposed (exposed ≥28 weeks) infants (p = 0.05). In the early HAART group, a higher CD4 cell count was protective against low birth weight (AOR 0.57 per 50 cells/mm 3 increase, 95% CI 0.45-0.71, p < 0.001) and preterm birth (AOR 0.68 per 50 cells/ mm 3 increase, 95% CI 0.55-0.85, p = 0.001). HAART exposure was associated with an increased preterm birth rate (15%, or 138 of 946, versus 5%, or seven of 147, in unexposed infants, p = 0.001), with early nevirapine and efavirenz-based regimens having the strongest associations with preterm birth (AOR 5.4, 95% CI 2.1-13.7, p < 0.001, and AOR 5.6, 95% CI 2.1-15.2, p = 0.001, respectively). Conclusions: In this immunocompromised cohort, in utero HAART exposure was not associated with low birth weight. An association between NNRTI-based HAART and preterm birth was detected, but residual confounding is plausible. More advanced immunosuppression was a risk factor for low birth weight and preterm birth, highlighting the importance of earlier HAART initiation in women to optimize maternal health and improve infant outcomes.
Background
In South Africa, hyper-pandemic levels of HIV persist, with few signs of a reduction in new HIV infections. Approximately one-third of women attending antenatal clinics in Gauteng Province are HIV infected [1] . Use of highly active antiretroviral therapy (HAART), a tripledrug combination, in HIV-infected pregnant women prevents mother to child transmission of HIV (MTCT) and reduces maternal morbidity [2, 3] and mortality. However, there remains much uncertainty about whether in utero exposure to HAART affects foetal and later child development.
Many European studies have detected an association between protease inhibitor-based HAART and preterm birth [4, 5] , while the majority of North American studies have shown no such association [6] [7] [8] . Other evidence comparing birth outcomes in HIV-exposed infants before and since the introduction of HAART indicates that rates of low birth weight (LBW) and preterm birth have decreased since the introduction of HAART [9] . Studies to date have mostly been performed in high-income countries where HAART is initiated, regardless of maternal CD4 cell count and stage of HIV disease, for prevention of MTCT [4, 6, 10, 11] .
Moreover, in these studies, many women acquired HIV from intravenous drug use, and a large portion smoked during pregnancy, making it difficult to directly compare these populations with those in low-and middle-income countries [11] . In South Africa, prior to April 2010, pregnant women only initiated HAART with a CD4 count below 200 cells/mm 3 or an AIDS-defining illness. Further, clade C is the most common HIV strain in the country, and HIV is predominately acquired during heterosexual sex, with insignificant parenteral transmission.
There is limited evidence about HAART and birth outcomes in Africa. A study in Abidjan, Côte d'Ivoire, compared women eligible for HAART from two cohorts, each with approximately 150 women [12] . Low birth weight (<2.5 kg) was two-fold higher in the cohort that took three-drug HAART compared with the cohort that received two-drug, short-course antiretroviral prophylaxis for preventing MTCT. LBW rates were highest in those who had initiated HAART prior to pregnancy. A larger study in Botswana found that HAART-exposed infants were smaller for gestational age than unexposed infants [13] . Effects of specific HAART regimens were not explored. Further study of infant outcomes following HAART is warranted in African settings, particularly within routine clinical services at public sector ARV clinics.
We previously examined the effects of different HAART regimens and duration of therapy on risk for MTCT [14] , and now assess associations between these factors and LBW and preterm birth.
Methods
This study reports on a retrospective observational cohort of women attending integrated antenatal and antiretroviral (ANC-ARV) clinics at Rahima Moosa Mother and Child Hospital (RMH) and Charlotte Maxeke Johannesburg Academic Hospital (CMJH). Both clinics are referral centres for HIV-infected pregnant women in Johannesburg, but the latter provides care for patients with more complex medical conditions.
Women attending ANC-ARV clinics at the hospitals and all mother-infant pairs at the postnatal clinic of RMH were eligible for the study if they: were HIV positive; had a singleton delivery between October 2004 and March 2007; attended an ANC-ARV clinic during pregnancy or the postnatal clinic less than two months postpartum; and had a CD4 count of ≤250 cells/mm 3 . CD4 cell counts were taken before HAART initiation for the HAART-exposed group, and during pregnancy or within three weeks postpartum for the HAART-unexposed group. Women attending the postnatal clinic between three weeks and two months after childbirth were included if they had a CD4 count result from during pregnancy. Most of the comparison group (HAART-unexposed women) had not received antenatal HAART because they were identified as HIV positive during labour or in the postnatal period (within three weeks of childbirth).
Women gave consent for their data to be included in the clinic database and used for research purposes. The study protocol was approved by the Human Research Ethics Committee of the University of the Witwatersrand (protocol number M070438).
HIV At RMH, most pregnant women eligible for HAART initiated lopinavir/ritonavir, stavudine and lamivudine. First-line therapy at CMJH consisted of nevirapine, stavudine, and lamivudine. In both hospitals, efavirenz was initiated after the first trimester for women taking concomitant tuberculosis (TB) treatment. Women presenting in the first trimester of pregnancy who were receiving efavirenz-containing regimens were changed to lopinavir/ritonavir, while women beyond the first trimester continued efavirenz-based therapy. The HAART regimen was categorized by first regimen used in pregnancy.
The primary aim of our study was to investigate the association between LBW, and HAART duration and regimen during pregnancy. LBW was defined as a birth weight below 2.5 kg and very low birth weight (VLBW) as less than 1.5 kg. For the study, early HAART was defined as initiation before 28 weeks of pregnancy and late HAART as initiation at ≥28 weeks of pregnancy. A secondary aim of the study was to examine associations between preterm birth and HAART exposure, with similar analyses of regimen type and duration. Preterm birth was defined as birth before 37 completed weeks of pregnancy and extremely preterm birth was defined at birth before 34 weeks of pregnancy.
Gestational age was determined by a clinician at the first antenatal visit, using a combination of ultrasound (when available), last menstrual period and symphysealfundal height. In women who did not attend antenatal care, gestational age was estimated by examining the infant at birth; this estimate was recorded on the infant's clinic card. Small for gestational age was defined as a birth weight below the 10 th percentile of expected weight for gestational age, birth weights above the 90 th percentile as large for gestational age, and those between the 10 th and 90 th percentiles as appropriate for gestational age [15] .
Statistical methods
Single data entry was done in Microsoft Access and analysis performed with Intercooled Stata 8.0 (Stata Corporation, College Station, TX, United States). Characteristics of HAART-exposed and unexposed women were compared using chi-square tests for categorical exposure variables and Student's t-test for continuous variables. As we were interested in assessing the effects of drug regimen on LBW independent of the role of infant HIV infection, we initially restricted multivariate analysis of LBW to HIVnegative infants and thereafter included all infants in a similar analysis. A similar multivariate analysis was performed for variables associated with preterm birth in which we included all infants with a known gestation at birth, regardless of HIV status.
Variables associated with LBW or preterm birth in univariate analysis (p < 0.1) were included in the initial multivariate model and retained if their removal markedly altered the model fit. Model fit was assessed using the likelihood ratio test and judgement about the size of changes to the model with and without the variable [16] . The model analyzed the odds of LBW or preterm birth according to regimen type: lopinavir/ritonavir-based, nevirapinebased and efavirenz-based HAART; CD4 cell categories (cells/mm 3 ) of 0-49, 50-99, 100-149, 150-199 and 200-250; maternal age; anaemia (haemoglobin <11 g/dl); hypertension (systolic blood pressure [BP] >160 mmHg or diastolic BP >90 mmHg on two occasions four hours apart, or one diastolic BP >110 mmHg); and infant HIV status. Women in the early and late HAART groups were analyzed in separate multivariate models due to the presence of interaction: associations between the exposures (drug regimen) and outcome LBW and prematurity) varied according to the duration of HAART.
Results

Maternal characteristics in HAART-unexposed and exposed women
The cohort comprised 1630 women, with a mean age of 30.1 years (sd 5.1) and median CD4 count of 159 cells/ mm 3 (IQR 105-200). Women who declined study participation were not included in the data base. Fourteen percent of included women (n = 233) were HAART unexposed. In the remainder (n = 1397) who received HAART during pregnancy, duration of therapy was known for 70%, with 54.5% of these (n = 533) initiating HAART before 28 weeks ("early HAART") and 427 at ≥ 28 weeks ("late HAART"; Figure 1 ).
Compared with unexposed women ( 100], p = 0.03). However, no differences were detected between these groups for other risk factors for LBW or preterm birth, such as gravidity, hypertension, alcohol use, smoking, syphilis and previous miscarriage. Of note, diabetes requiring treatment with medication (oral hypoglycaemics or insulin) was uncommon, with only four women in the cohort meeting these criteria. Positive syphilis serology (rapid plasma reagin) was detected in 3.8% (38/1001) of women. 
Characteristics of women by clinic site and MTCT rates
Maternal characteristics in early versus late HAART initiators
The median duration from HAART initiation to childbirth was 18.4 weeks (IQR 12.1-42.6) for the early HAART group and 5.8 weeks (IQR 3.3-8.5) for the late group (p < 0.001). Women in the early group more commonly received NVP-based HAART (46%, 254/553), while those in the late group were more likely to receive protease inhibitor-based HAART (68%, 290/427; Figure 1 ). No differences were detected between the early and late HAART groups in terms of baseline CD4 count, previous preterm birth rates, syphilis prevalence and smoking. However, women in the early HAART group had higher rates of previous miscarriage than the late Figure 1 Flow diagram of study population. HAART -highly active antiretroviral treatment; early HAART was defined as initiation before 28 weeks of pregnancy and late HAART as initiation at ≥28 weeks of pregnancy; PI-based HAART -protease inhibitor-based HAART; EFV-based HAART -efavirenz-based HAART; NVP-based HAART -nevirapine-based HAART. (9) 59 (11) 28 (7) 50-99 29 (12) 216 (15) 91 (16) 62 (15) 100-149 35 (15) 325 (23) 122 (22) 108 (25) 150-199 64 (27) 412 (29) 156 (28) All women have a CD4 ≤250 cells/mm 3 ; HAART -highly active antiretroviral treatment; early HAART -HAART initiation <28 weeks of pregnancy; late HAART -HAART initiation at ≥28 weeks of pregnancy; SD -standard deviation; IQR -interquartile range; RPR -rapid plasma reagin * systolic blood pressure [BP] >160 mmHg or diastolic BP >90 mmHg on 2 occasions 4 hours apart; or 1 diastolic BP >110 mmHg ** Diabetes requiring medical intervention ***in women with a previous pregnancy van 
Given that this initial analysis showed higher rates of LBW in women receiving efavirenz-based regimens from early in pregnancy, we compared characteristics of women in this group with women taking other regimens. Women taking early HAART and receiving efavirenz had higher rates of TB compared with those on nevirapine and protease inhibitor-based therapy (28% [25/88] 3 , p = 0.65). Rates of VLBW infants were similar in the early and late HAART groups and for all HAART regimens. Seven of the infants had known maternal risk factors for VLBW, including maternal history of previous miscarriage, previous preterm delivery, or hypertension. One infant in this group was HIV infected.
Predictors of low birth weight
In univariate analysis evaluating associations between HAART and LBW, including both HIV-positive and HIV-negative infants, no significant associations were detected in the late HAART group (Table 3) . However, in the early HAART group, receipt of an efavirenzcontaining regimen, lower CD4 cell count, and maternal hypertension were associated with LBW. Although rates were low, neither smoking nor alcohol use was associated with LBW. In multivariate analysis, large effects of immunological status remained, with each 50 cells/ mm 3 increase in CD4 cell count associated with a 57% reduction in the odds of LBW (95% CI 0.45-0.71, p < 0.001). There was a trend towards hypertension being associated with increased odds of LBW (AOR 2.1, 95% CI 0.92-4.82; p = 0.08). In multivariate analysis, the effect of efavirenz exposure was removed (AOR 1.02, 95% CI 0.46-2.25), and unexpectedly, nevirapine-based HAART was associated with a reduced odds of LBW compared with HAART-unexposed women (AOR 0.38, 95% CI 0.18-0.81, p = 0.01). Similar results were found in multivariate analysis of associations between HAART groups and LBW when modelling was restricted to only HIV-negative infants (data not shown).
Infant outcomes: preterm birth
The overall rate of preterm birth in the cohort was 13.3% (145/1093). Rates were higher among women exposed to HAART during pregnancy than those unexposed (15% [138/946] vs. 5% [7/147] , p = 0.002). In the analysis of early versus late HAART, infants whose mothers initiated treatment before 28 weeks had a (21) 13 (10) 18 (30) 121 (43) 20 (20) 6 (32) 0.001
LGA 14 (11) 5 (4) 4 (7) 0.001 6 (2) 2 (2) (8) 13 (15) 1 (7) 
Predictors of preterm birth
In univariate analysis evaluating predictors of preterm birth in all infants (regardless of HIV status), in the early HAART group, every 50 cells/mm 3 rise in maternal CD4 cell count was associated with a 31% decrease in the odds of preterm birth (95% CI 0.58-0.83, p < 0.001, Table 4 ). This association remained significant in multivariate analysis (AOR 0.68, 95% CI 0.55-0.85, p = 0.001). In the multivariate analysis of specific HAART regimens, early exposure to any regimen was associated with preterm birth compared with HAART-unexposed infants, with receipt of early efavirenz and nevirapine associated with the higher odds of preterm birth (AOR 5.6, 95% CI 2.1-15.2, p = 0.001, and AOR 5.4, 95% CI 2.1-13.7, p < 0.001, respectively), than protease inhibitor-containing regimens (AOR 3.0, 95% CI 1.1-8.4, p = 0.04). Neither smoking nor alcohol use was associated with preterm birth in this analysis. Drug regimen was not associated with preterm birth in the late HAART group.
Discussion
HAART and low birth weight
The rate of LBW in this cohort (22%) was higher than the rate of 15% reported by UNICEF for all South African infants, regardless of HIV exposure [17] . Many of the factors associated with LBW in this study, such as CD4 count and hypertension, have been reported in previous studies [18, 19] . Despite findings from a variety of other settings, in our cohort, lopinavir/ritonavir exposure was not associated with LBW in early or late HAART-exposed women compared with untreated women [5, 20] . We detected an association between LBW and efavirenz, but this did not persist after controlling for stage of HIV infection and other potential confounding variables.
Unexpectedly, in the early HAART group, rates of LBW were lower in women on nevirapine-based HAART than in untreated women. Nevirapine has previously been associated with increased risk of LBW [12] , as well as found to be neutral with respect to LBW [21] . These data are the first to suggest a decreased rate of LBW. This finding might be due to the fact that untreated advanced HIV infection (CD4 count <250 cells/mm 3 ) confers increased risk for low birth weight, and initiation of treatment reduces this risk. There could also be site-specific reasons HAART -highly active antiretroviral treatment; early HAART -HAART initiation <28 weeks of pregnancy; late HAART -HAART initiation at ≥28 weeks of pregnancy; PI -protease inhibitor, NVP -nevirapine; EFV -efavirenz; OR -odds ratio; AOR -adjusted odds ratio; CI (95%) -95% confidence interval * CD4 cell categories (cells/mm why non-nucleoside reverse transcriptase inhibitors (NNRTIs) and not PIs were significant in this analysis. Women who initiated NNRTIs tended to be from CMJH, which handled more complicated pregnancies [22, 23] . HAART-unexposed women had a high rate of LBW (27%) despite a relatively low preterm birth rate (5%). This might be explained by potential selection biases (discussed later). Additionally, HAART-unexposed women likely had a high risk of intra-uterine growth retardation due to their untreated advanced HIV infection with resultant immunological dysfunction (median CD4 cell count 191 cells/mm 3 ). Only 26 study infants were VLBW. In the small group of VLBW infants identified, no association was detected with maternal immunological status. Small numbers of VLBW infants limit this analysis.
HAART exposure and preterm birth
In this cohort of HIV-infected women with CD4 counts ≤250 cells/mm 3 , early HAART exposure was associated with an increased risk of preterm birth compared with untreated women. This is consistent with previous studies demonstrating an association with preterm birth and in utero HAART exposure [4, 5, 10, 24] . A unique element of our study is the focus on African women with low CD4 counts who are initiated on HAART for their own health. Additionally, reported rates of smoking (3.7%) and alcohol use (3.9%) across all our groups were low, unlike many European and North American studies, where smoking prevalence has ranged from 7.5% to 55% [6, 7, 25, 26] .
The association between preterm birth and NNRTI exposure was larger than with PI exposure. Reasons for this may include bias related to site, as women exposed to NNRTIs were more likely to have attended the clinic at CMJH, which cares for women with more complicated pregnancies, increasing the likelihood for women to have multiple risk factors for preterm birth. Efavirenz-exposed women had more advanced HIV than women on other regimens, and early efavirenz-exposed women had been on HAART longer than other groups (62.7 weeks vs. 16 weeks); however, in multivariate analysis, there was only a small attenuation in the odds ratio (from 6.4 to 5.6), and residual confounding may be present, particularly given the lack of data on TB among women in the cohort.
The finding of an association with early PI exposure during pregnancy and preterm birth is similar to many previous studies. In these studies, PI-based regimens were often prescribed for women with more advanced HIV disease, making it difficult to disentangle the role of HAART regimen and stage of disease on infant outcome. In our study, all women had CD4 counts <250 cells/mm 3 , reducing the confounding caused by large differences in the degree of immunosuppression.
Additionally, the only PI used in our cohort was lopinavir/ritonavir as compared with previous studies evaluating unboosted PIs [4, 10] . Our results are consistent with recent randomized data from Botswana, in which a median of 11.3 weeks of lopinavir/ritonavir exposure during pregnancy was associated with a significant risk for preterm birth compared with women on non-PI regimens (21.4% vs. 11.8%, p = 0.003) [27] . Specific type of PI and the use of ritonavir may be important determinants of the overall risk for preterm birth.
Study limitations
Information was only collected from women who were willing to be included in the clinics' databases. Characteristics of women declining participation may differ from those giving consent, thereby introducing selection bias. Also, bias was potentially introduced by the selection strategy for the control group (HAART-unexposed women), as these women received less antenatal care and had poorer health-seeking behaviours than their HAART-exposed counterparts. These factors could, in part, account for the higher rate of LBW in the HAART-unexposed group. Also, as the HAART-unexposed group were recruited postpartum, it is possible that a high mortality among infants born very preterm in this group partly explains the relatively low preterm birth rate (5%) noted in these women. Similarly, differences in how gestational age was assessed might have biased estimates of foetal age. HAART-unexposed women were more likely to have missed antenatal care, and have gestation determined by examination of infants at birth.
The study design also has inherent limitations as preterm delivery might have occurred before HAART could be initiated. This could conceivably have spuriously elevated the preterm birth rate among HAART-unexposed infants, who would have received "late HAART" had they remained in utero. Since more HAART-exposed than unexposed infants were born preterm, this factor is unlikely to have affected the study outcomes.
A considerable amount of data are missing for some study variables, mostly as the study was conducted within routine clinical settings and in two sites that collected different data. TB information was only available from CMJH women, and those exposed to early efavirenz-based HAART had the highest rates of TB as this regimen was specifically used with TB co-infection to minimize drug interactions. Because TB has been associated with intrauterine growth restriction and preterm birth [28, 29] , incomplete data on TB co-infection may confound our findings. Similarly, HIV viral load is not routinely collected in the South African public system and thus was unavailable. HIV viral load prior to delivery is a useful marker of adherence to HAART regimen, the pre-eminent risk factor for MTCT, and may have a role in predicting other poor infant outcomes. Additionally, maternal body mass index was unavailable and may be an important factor for LBW and preterm birth [12, 22] .
Since haemodilution during pregnancy is associated with spuriously low CD4 cell counts, women whose CD4 counts were measured postpartum (mainly HAART-unexposed women) were potentially more immunologically suppressed than the HAART-exposed group.
Differences in HAART prescribing protocols at CMJH and RMH could have affected the study outcomes. Women from CMJH tended to have more complicated pregnancies, for example, more frequent use of alcohol, higher rates of maternal hypertension or diabetes, and previous miscarriage. Baseline CD4 cell counts, however, were similar between the two hospitals. We were unable to include clinic site in the multivariate models due to its co-linearity with drug regimen.
It is hard to differentiate the effects of maternal HIV disease and that of HAART exposure on infant outcomes. Indeed, the improvement in immune status of the HAART-exposed women probably contributed to increasing infants' birth weights. However, improved maternal immune status would not explain the higher preterm birth rate in the HAART-exposed as compared with the unexposed women, which seems independent of HIV disease stage and might be due to HAART exposure or to the potential biases we have described. Finally, it is important to note that the findings of this study are likely to pertain only to women with marked immunological suppression, and may not extend to women with less advanced HIV disease.
Conclusions
In this cohort of immunocompromised women from South African antenatal clinics, HAART exposure was not associated with LBW; the strongest predictor of LBW was lower maternal CD4 cell count. Early HAART exposure to any regimen and low maternal CD4 cell count were associated with increased rates of preterm birth. Of note, in this cohort, immunosuppression emerged as an important risk factor for both LBW and preterm birth, with every gain of 50 cells/mm 3 associated with considerably reduced risk of both adverse outcomes. This finding highlights the importance of early HIV diagnosis and staging during pregnancy to accelerate HAART initiation in women who qualify.
The recent South African guideline change to increase the CD4 count treatment threshold to 350 cells/mm 3 may help minimize adverse pregnancy outcomes related to immune compromise [30] . Further study is warranted to evaluate the impact of using even higher CD4 cell count thresholds, as this is a modifiable factor that could reduce morbidity and mortality for both mothers and newborns. Our findings contribute to the limited knowledge about 
